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The geomorphology of arid southern Peru has been sculpted by an impressive anthropogenic 
landscape: kilometers of desert transformed into agricultural terraces abandoned for the past 500 
and 1000 years; these include the Inka (1450-1532 CE) agricultural systems at Camata and the 
Wari (600-1000 CE) agricultural systems at cerros Mejia and Baúl. Initial survey of these 
Andean agricultural landscapes indicates that processes of water erosion and degradation of 
constructed features have started, compromising the preservation of this important 
archaeological legacy. In this paper, we evaluate the use of ground based lidar for subcentimeter 
resolution surface mapping of terraced Andean agricultural systems, as well as its suitability for 
fine-scale surface mapping for reconstruction of micro-elevation models of past anthropogenic 
landscapes and for the understanding of erosion processes in arid lands. A major source of soil 
loss in dryland areas is the abandonment of agricultural fields. The lack of maintenance of the 
infrastructure of these once productive agricultural systems accelerates the loss of productive 
soil, and causes land desertification. Erosion patterns can be used for estimation of erosion rates 
on disturbed areas under development or intense agricultural use in dryland environments. These 
rates give a sense of the magnitude of degradation of poorly maintained earthworks in dryland 
regions. The documentation and quantification of the pattern and rate at which these constructed 
landforms degrade is of paramount importance for finding a balance between preservation of the 
delicate arid landscapes and the sustainable development of these impoverished regions. 
 







Erosional dynamics are important for understanding drylands susceptibility to degradation. 
Moreover, determination of the rates and patterns of erosion in arid regions is essential for the 
establishment of sustainable arid agricultural practices and design of infrastructure in these 
generally poor and fragile areas. Erosion studies encounter complications when rates and 
processes are extrapolated from plot-scale to hillslope and basin scales studies [1]. In order to 
avoid scale errors, soil removal can be quantified through alternative field techniques, such as 
micro-topographic surveys (basin and hillslope scale), erosion pins, and rainfall simulations (plot 
scale). In order to test the effectiveness of micro-topographic surveys in determining rate and 
patterns of erosion, we used ground based LiDAR to detail the eroded anthropogenic surfaces of 
archaeological sites in southern Peru for use as proxies for natural environments. Detailed 
surveys using LiDAR based scanning provide important information about the accurate depiction 
of erosional features, the characterization of dominant geomorphic processes responsible for 
landform modifications in arid areas, and variations in erosion rates in agricultural terrace 
systems. Using data from micro-topographic surveys further delineates long term erosional 
evolution and morphologic dating under arid climatic regimes. This paper fully integrates the 
disciplines of geology and archaeology in order to further define the effects of erosional 
processes in drylands through the finely detailed survey of pre-Columbian agricultural systems. 
This study is fundamental to advancing our understanding of soil removal and its distribution 
from plot to basin scales in order to provide appropriate information for environmental 
management of drylands. 
 
II. PREVIOUS WORK 
 
The Moquegua Valley has been actively researched for over two decades [2,3,4]. Studies have 
documented the history and construction of the extensive and elaborate Wari and Inka 
agriculture terrace systems that occurred during the expansion of pre-Columbian colonies in the 
Andean region (Fig. 1). Large amounts of soil and rock were mobilized for these projects, 
creating land for cultivation through terracing [5]. In the Moquegua Valley (Fig. 1), the Wari 
(600 AD-1000 A.D) [3] and Inka (1450 to 1532 A.D.) [6] colonies occupied both the lowlands 
and the high sierra, developing irrigation systems to divert water from the nearby streams to the 
terraced agricultural fields [7]. After the collapse of the colonies in ~1000 A.D. and ~1532 A.D., 
respectively, most of these agricultural terraces were abandoned. Today, the study area remains 
sparsely populated which may be, at least in part, due to the rugged terrain and extreme aridity 
(ca. 5 mm/yr). Extreme aridity contributes to the lack of biological activity, with more than 95% 
of the surface area being lightly vegetated. 
 
 
Fig. 1. Location of the Moquegua Valley in Southern Peru 
 
Londoño [8, 9] previously mapped similar undisturbed, abandoned agricultural terraces in 
southern Peru to study and determine measurements for wash processes over a five century 
period. The results of this survey found that evidence of wash processes is visible in the 
agricultural systems through the development of rills and gullies and by a redistribution of 
terraced fill material on the hillslope. Inka systems present as spoon-shaped notches and 
channels; these notches are incised and/or bifurcated as piracy of the channels expands upslope 
and erosion progresses. In addition, erosional features are more pervasive in the older Wari 
systems, in these terraces, rills and gullies are present and elevation of the terrace tread has 
diminished considerably. In the most severe cases, only the base stone lining of the terraced wall 
is preserved. 
 
With the advent of ground based LiDAR survey techniques, larger areal extents of surfaces can 
be mapped at higher resolutions resulting in greater detail than those performed previously by 
Londoño [8, 9]. Higher resolution and more accurate point cloud detail renders a more 
comprehensive and systematic documentation and measurement of the erosion processes that 
operate in the area, the architecture and layout of the agrarian systems, their construction 
methods, and their connectivity with irrigation systems. In addition, detailed mapping of the 
agricultural terraces allows for quantification of the material mobilized during terrace 
construction in these arid lands. This yields a measure of the geomorphic impact on the 
landscape imprinted by the pre-Columbian cultures that inhabited this area in southern Peru. We 
present this paper as documentation of the micro-topographic survey technique of ground based 
LiDAR scanning in pre-Columbian Wari and Inka agricultural systems of southern Peru as 
compared to previous efforts. Further, we measure and determine a detailed pattern and rate of 
hillslope processes under arid climatic regimes. Archaeologists will use this data to establish 
computer algorithms for building hydrological models of irrigation distribution systems. These 
models will examine the number and placement of administrative decision points within the 
irrigation system. By examining administration of irrigation systems, archaeologists are better 




The basis for such a systematic topographic study of the pre-Columbian agricultural terraces is 
complete three-dimensional documentation of point cloud renderings of the plan view and 
sections of the abandoned agricultural terraces. A characteristic feature of the terraces is their 
remote nature and association with archeological sites. They cover a large portion of the 
landscapes in mountainous southernmost Peru, and are expansive; they do not follow a consistent 
master plan other than extreme changes in topography, and are expressions of a once vivid and 
productive agricultural community which makes creating a three-dimensional rendering an 
extensive project. 
 
We performed detailed rendering of agricultural surfaces using a Leica ScanStation 2 ground 
based LiDAR. We carried out scans on grids of approximately 100 x 100 m on terraced surfaces 
with vertical and horizontal resolutions of 25 and 30 cm; the resolution varied depending on the 
local topography and extent of the site. In each site, we scanned the surfaces from three different 
stations to obtain an accurate rendering of the terraced surface. Geographic coordinates for each 
target and stations were collected with a differential GPS for georeferencing of the scans and 
accurate locations. Subsequently, we performed scan registration with tools of Leica’s Cyclone 




We present two case studies in Wari and Inka agricultural terraces. Their degree of preservation 
varies, Wari agricultural systems are characterized by more pervasive erosion in walls and the 
whole thread surfaces. In Inka systems erosion is less intense, and is concentrated in certain 
sections of the terraced walls, but better preservation is present. 
 
A. Case Study: Lower Cerro Mejia 
 
The oldest proposed study area is the Wari terrace network around cerros Baúl and Mejía. 
Radiocarbon dates and archaeological superposition place the construction of the system to the 
7th century AD, with agricultural contraction beginning by 900 A.D. and complete abandonment 
by 1100 A.D. [3, 10]. The average slope of this system is 22 percent [11] with an irrigation canal 
length of over 14 km and an irrigation area of 325 hectares [4]. The administrative center for the 
Wari settlement was on the summit of the great mesa at Cerro Baúl. 
 
Ground based LiDAR mapping shows that the hillslope is covered by rock fragments and gravel 
(Fig. 2). Cobbles are scatter throughout the terrace threads product of the collapse and failure of 
the risers above. Risers show different levels of preservation, some of the risers have been 
completely removed so that the terrace system resembles a planar slope and in other areas, risers 
range between 20 and 60 cm in height. Some of the risers have been breached, and spoon-shaped 
notches are formed; in this case, the mobilized material is deposited as fans. Preliminary results 
indicate that in the lower slopes of Cerro Mejía, erosion is primarily by diffuse slope wash. 
Sediment removed from the slope is carried downslope, accumulating at the base of the risers 




In addition, microelevational data demonstrate a highly regular irrigation pattern on these 
terraces, with a central administrative decision point located near the head of the system, and no 
further subdivisions of irrigation administration within the sample except for the water diversion 
onto each terrace from the drop canal. Terraces were constructed via a cut and fill technique, 
with additional soil inputs from irrigation silts. Overall, this preliminary sample suggests a 
relatively centralized system of irrigation water distribution. 
 
B. Case Study: Camata 
 
The Camata agricultural system was abandoned by the Inka 450 years ago. Archaeological 
constraints and ethnohistoric data indicate this system was used for less than 100 years, and was 
abandoned shortly after the Spanish conquest [10]. The system has an average slope of ca. 31 
percent [11], a canal length of 6.7 km, and an area of 341 hectares [4]. Analysis of micro-
topographic surveys using ground based LiDAR show that the dominant erosional processes in 
these agricultural terraces consist of spoon-shaped notches that have destroyed sections of the 
terrace walls (Fig. 3). Continuous processes progress into development of small channels, some 
of which show initiation of bifurcation at their heads. Eroded material is deposited in several 
forms, small fans may form at the base of the terrace risers or may further extend, accumulating 
sediment as channel fill down the slope. In addition, LiDAR imagery depicts sections of terrace 
systems that have good preservation of their risers. 
 
 




Sub-centimeter accuracy micro-topographic surveys derived from ground based LiDAR on these 
terraces contribute to ongoing research on erosion processes on arid lands by providing an 
accurate depiction of physical baseline surveys. Using this data, the baseline physical survey of 
the terraced slopes is updated over time to determine erosional rates within the basins. Slope 
wash processes under arid conditions may be surveyed either by minute observation of 
modification by extant processes on natural slopes, or experimental hillslopes, by deduction from 
basin morphology and channel incision, or by observation of dated erosional features [8]. The 
latter approach requires the initial morphology and age of a slope be known, but these two 
conditions are rarely found on slopes formed by natural processes. Therefore ancient agricultural 
systems are ideal for the study of erosional processes: their initial morphology is known which 
permits accurate comparison of the original and present morphology of the slope. Also, most of 
the terraced areas have been virtually untouched since they were abandoned decreasing error due 
to surface disturbance. 
 
Micro-topography derived from ground based LiDAR is ideal for the reconstruction of the post-
abandonment topography of these ancient agricultural systems, necessary for erosion rate 
calculations; in addition, sub-centimeter elevation accuracy allows for mapping of minute 
erosional features that aid the understanding of the surficial processes acting on the terraced 
slopes. Ground-based LiDAR is a very efficient means of microelevational mapping due to the 
rapid acquisition time of millions of data points. What would normally require a week’s time to 
map can be accomplished at higher resolution in less than a day. 
 
These surveys have also improved the knowledge of the baseline level and complemented the 
existing and ongoing research of the Wari agrarian and irrigation systems. The new high 
resolution data will be critical to modeling slope stability and agrarian degradation [12], as well 
as providing high resolution digital elevation models for analyzing hydrological flow and 
decision making in irrigation systems [13] 
 
In summary, the contributions of ground-based lidar to geoarchaeological research problems can 
be quite significant. Published studies on monitoring landslide bodies [14, 15, 16] and erosion 
studies [16, 17, 18] are complemented here by study of minute erosion features on anthropogenic 
landforms in the south-central Andes. Likewise, high resolution DSMs serve social scientists for 
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